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Abstract

In strong seismicity areas, the structures experience seismic excitations that are affected by earthquake source effects and
their propagating path, local site effects, and soil-structure interaction effects (SSIE). This study explores the impact of
SSIE associated with site effects (SE) on the seismic response of multi-story buildings through a frequency domain solution
within the EC-8 and ASCE7-16 code provisions. Low-to-mid-rise multistoried buildings are selected via their slenderness
ratio to form systems associated with a wide range of soil profiles simulated using the random field theory. Shaking
intensity ranging from moderate to strong is considered through an appropriate range of seismic magnitudes and shows that
when the superstructure interacts with the nearby subsoil layers, the ground shaking level either amplifies or reduces the
structural responses depending on the site category and the structure’s slenderness ratio. Results indicate that, in contrast to
most common SSI investigations, seismic magnitude connected with the local geology affects the response of the structure
and, in certain situations, makes SSIE unfavorable. The study’s findings are presented in such a way that ratios can be
utilized to show how SSIE differ from SE in terms of their impact on seismic base shear (BS) and roof displacement.
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earthquake [1], which struck Mexico City in 1985, serves
as the best illustration, where geological conditions that
resulted in a sedimentary fill resting on rock strongly
influenced the movement of the nearby surface soil and
significantly contributed to the extent of damage [2]. The
presence of the geological contrast between the rock and
the immediate supporting soil deposits alters the features of
seismic waves, particularly in terms of frequency content
and duration. On the other hand, it is widely recognized
that the added flexibility offered by the subsoil of a soft
nature decreases the overall stiffness of the soil-structure
interacting system and, as a result, modifies the structural
response, particularly for some structure types.

The seismic excitation experienced by structures is a
function of (i) earthquake source effects [3, 4] associated
particularly with seismic magnitude, fault rupture mecha-
nism, and fault directivity; (ii) propagating path effects [5],
which essentially control changes in the frequency content;
and (iii) local effects related to the local geology and
topography called site effects [6, 7], in addition to (iv) SSI
effects [8, 9] that result due to the presence of the foun-
dation and its flexible supports. In most cases, local SE
induce amplification of the seismic ground motion, but in
the case of intense shaking, a soil hysteretic damping effect
may considerably reduce the free-field ground motion.
SSIE produce inertial interaction resulting in inertial forces
developed within the structure due to the existence of
structural and foundation masses. Additionally, as the
seismic shaking intensity controls the structural response in
its FB and rigid foundation conditions, the same observa-
tion would be expected in the case of site and flexible-base
conditions. Frequently, SE increase the structural response
while SSIE can either increase or reduce it depending on
the site soil nature and the level of damping.

Building seismic codes consider SE through site factors,
which reflect the amplification of seismic waves because of
the change in the geological contrast between the rock and
nearby supporting soil deposits. Most of these codes con-
sider the assumption of a fixed base (FB), corresponding to
a fixed and infinitely rigid foundation. This assumption is
conservative in terms of the structure’s safety, as it is
generally accepted that SSIE reduce the strain on the
structural parts. However, those effects can be detrimental
and may increase structural stresses. When SE are inclu-
ded, a new loading condition is imposed and the overall
structure’s response is governed by the dominant effect.

Many studies on the dynamic response of structures
dealing with SSIE as well as soil conditions have been
conducted in recent decades, but most of them were site-
specific, i.e., they consider particular and unique site con-
ditions and often arbitrary selected seismic excitations.
Few studies on SSIE, including SE, have been conducted
as opposed to numerous investigations on SE. A one-
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dimensional (1-D) propagation model of shear wave
velocity (SWV) was used by Aviles and Pérez-Rocha [10]
to study site and SSI impacts in the valley of Mexico City.
The study shed important light on the significance of both
site and SSI effects. Fatahi et al. [11] found that the tra-
ditional design process, which only considers local site
impacts and leaves out SSI, is unable to ensure the struc-
tural stability of mid-rise moment-resistant buildings
higher than 5 stories resting on soft soil deposits. Many
other studies that address the effects of SSI and soil con-
ditions for particular types of structures and soil were made
[12, 13]. On the other hand, the experience shows that local
site conditions analysis should be a critical stage in the
design process to understand how the expected amplifica-
tion induced by the change in impedance contrast and the
attenuation created by SSI effects will influence one
another. The risk of collapsing is substantially lower in that
scenario at extremely significant damage and near-collapse
performance levels, especially when the SSIE are advan-
tageous, depending on the type of soil and building [14].
Moreover, investigations made by Dutta et al. [15] and
Celebi et al. [16] focused on the influence of SSIE on a few
design key parameters of buildings. They concluded that
the change in the seismic base shear (BS) response was
found to be more amplified for low-rise buildings resting
on flexible soils and subjected to particular types of ground
motions, while this response may decrease for medium-to-
high-rise buildings. Recently, Deoda and Adhikary [17]
studied effects of soil amplification and SSIE on a 10-story
RC frame building, and concluded that excluding soil
amplification and soil-foundation flexibility, predicts lesser
displacement and internal forces.

This study investigates site and SSI effects within the
more general framework of seismic regulation standards
[18, 19], in contrast to most SSI studies that consider
unique circumstances and site-specific issues as mentioned
above, and associates the earthquake shaking level
expressly to depict cases where SSIE are unfavorable. It
explores SE combined with SSIE and their impact on
multi-story buildings under the influence of seismic mag-
nitude, based on the concept of the rock-to-soil surface
transfer function (TF). The combined structural response is
evaluated in the frequency domain, based on a global TF.
The study focuses on multi-story buildings sitting on
hypothetical soil strata whose deposits are categorized
following the seismic standard of EC-8 [18]. The selection
of low-to-mid-rise building was made according to the
corresponding slenderness ratio, which relates the effective
structure’s high to its foundation dimensions. To examine
the seismic response variation due to seismic magnitude
impact, the seismic input used in the analyses refers to
several incident seismic fields simulated according to the
Algerian seismo-tectonic context in which, variable
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earthquake intensities varying from moderate to strong are
considered. The study’s findings are presented in such a
way that ratios can be utilized to show how SSIE differ
from SE in terms of their impact on seismic BS and roof
displacement.

2 National Seismic Context and Regulatory
Seismic Design Considerations

Algeria is classified into four seismic regions, with activity
ranging from weak to moderate in the southern and high
plateau regions, and from moderate to strong in the
northern region [20]. The Boumerdes earthquake (2003,
M6.8) was the most recent strong earthquake to occur.
Indeed, as shown by recent seismic risk studies [21],
northern Algeria is situated near the meeting boundaries of
the continental plates of Africa and Eurasia and exhibits
considerable geodynamic activity. Many sites in this area
show geotechnical, topographic, and geological conditions
leading to the rise of local SE. Several studies denoted the
presence of SE in active seismic areas [22-25]. The
amplification phenomenon is indirectly taken into account
in the Algerian Seismic Regulations (RPA2003) [26]
through normalized response spectra matching to four soil
classes (Table 1). However, the design spectra do not
properly integrate the site factor concept, although they
reflect several site categories. Beneldjouzi and Laouami
[27] proposed a new method for modeling SE based on a
mean rock-to-site surface TF for each RPA99 site class.
The proposed TFs were used to propose an appropriate
seismic site classification. Mean site factors were also
calculated for each site class. For structural seismic design,
the provisions assume structures with a FB corresponding
to a rock site, and no indication is provided regarding SSI
analysis.

Table 1 RPA2003 site categories

3 Study Purpose

Most seismic codes commonly propose site classification
schemes based on the local geology of the underlying
subsoil and the mean value of SWV in the upper 30 m, in
agreement with several related pioneering works [28-31],
and provide mean site factors associated with average
design response spectra. Several of these codes assume the
assumption of a FB corresponding to a hard rock site.
Additionally, simplified SSI analysis methodologies are
implemented in some of these codes [18, 19], referring
particularly to period and damping ratio lengthening along
with reduction terms of seismic BS and spectral
acceleration.

The RPA2003 (currently under revision) suggests a site
classification scheme based on the mean SWV at 10 m
depth associated with a geotechnical description of the
immediate subsoil background (Table 1). Instead, most
modern seismic codes utilize mean SWYV at 30 m depth, or
V30, as an effective criterion to offer accurate soil clas-
sification schemes [32]. Thus, the EC-8 site classification
methodology is used in this study as an alternative for the
RPA2003 one (Tables 1 and 2), given the concordance
between the EC-8 and RPA2003 classification schemes in
terms of surface geology description and SWV arrays.

On the other hand, site factors reflect the ground motion
amplification for the outcrop condition, due to the change
in the geological contrast between the bedrock and less
dense soil deposits close to the soil surface [33, 34]. The
type of soil deposits supporting the superstructure and its
foundation usually affects the dynamic properties of the
soil-foundation—structure (SFS) interaction system by
providing it with additional flexibility. In addition, the
presence of rigid bodies in the foundation causes a base
slab averaging effect [35] to develop at the soil-foundation
interface, as well as radiative damping brought on by the

Table 2 One-layer soil data considered in the soil profile simulation
and the seismic analyses

Site  Geotechnical description Mean value of Site class Vszo0 (m/s)  Density p Poisson’s
type V, (m/s) (EC-8) (Kg/m3) coefficient v
S1 Rock site: Rock or other similar V, > 800 EC-8  RPA2003* Min Max

geological formation Bed 1500 1500 2200 0.25
S2 Stiff site: Deposits of dense sand, gravel, From 10 m :ock ’

and/or over-consolidated V4 > 400 clay  depth

with 10 to 20 m thickness from 10 m A 51 800 1500 2000 030

depth B S2 360 800 2000 0.35
S3 Soft site: Deep deposits of medium dense Vg > 200 from C S3 180 360 1800 0.40

sand, gravel, or medium raid clay deep of 10 m D S4 100 180 1800 0.45
S4 Very soft site: Deposits of released sand Vg > 200 in the - : 3

with/without the presence of soft clay first 20 m *RPA2003 site classes are included to establish the correspondence

with EC-8 classes

2
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retransmission of a part of the seismic energy from the
structure to the ground. This results in an additional
damping mechanism and constrains the ground seismic
motion to deviate from the free-field motion.

The main goal of this paper is the assessment of the
dynamic response of coupled soil-structure systems asso-
ciated with SE, where the latter are reflected in rock-to-
surface TF derived for each EC-8 site category. The con-
cept of TF is employed to derive the response of coupled
SES systems in the frequency domain through a relevant
global TF accounting for both SE and the interaction
between soil, foundation, and structure. As well, consid-
eration of the impact of seismic magnitude is considered
and highlights the influence of the seismic demand features
on SE and SFS responses, particularly the seismic BS and
roof displacement. The seismic magnitude range selected
includes magnitudes M = 5, 6, and 7, and reflects low-to-
medium, medium, and high seismic intensity areas,
respectively.

Following the EC-8 provisions, we should take into
account the magnitude of the earthquakes that contribute
mainly to the seismic hazard defined for the probabilistic
assessment of the hazard rather than conservative upper
limits. Hence, two seismic levels are retained depending on
the seismic sources via the corresponding magnitudes and
on the epicentral distance effect. The first one corresponds
to ground motions arising from earthquakes having a sur-
face wave magnitude greater than 5.5, while the second
relates to earthquakes whose surface wave magnitude is
less than or equal to 5.5. According to this methodology, it
has been considered that the seismic magnitude range
retained for this study accurately extends the dominant
seismic activity now present in Algerian territory, in
agreement with recently compiled earthquake national
catalogs [20, 36] (Fig. 1).

4 Soil Site and Structure Modeling

4.1 Soil Model

The EC-8 site categories are represented through fictitious
soil profiles using a stochastic simulation approach. Sam-
ples of 1500 one-layer soil profiles arising from the 1-D
model of the SWV profile have been generated for each
EC-8 site class (except E and F classes). A probabilistic
model [37] based on random field theory (Eq. 1) was used
to generate the EC-8 compliant bounded SWV values in
each profile (Eq. 1) (Table 2). Engineering rock-to-soil
surface TF of each profile is calculated for dynamic SSI
analysis. Figure 2 shows the mean TF of each site class
corresponding to low-strain soil shear modulus.

@ i!; @ Springer

j j 1 j Av/
Vi = Vimin + E(Vimax - Vimin) 1 + th SE
(1)
where V/ and V/ are the minimal and maximal

bounds of the average SWV in the ith layer of the jth soil
profile, respectively; th(.) is the hyperbolic tangent; Av{ isa
local and standard random field having zero mean and unit
variance, and s is a factor governing the mean SWV
variability between its two bounds.

Furthermore, it is commonly accepted that soil deposits
behave non-linearly near the surface under strong seismic
motions. Mechanical soil properties, mainly elastic shear
modulus, G, and damping ratio, B, control the ground’s
response to cyclic loads. High levels of dynamic loading
generate large deformations in underlying soil deposits and
induce, respectively, a decrease in shear modulus and an
increase in soil damping ratio due to energy dissipation of a
hysteretic nature. Low deformation levels (1073%) cannot
capture dynamic property variation [38], which generally
originates as a result of medium-to-high seismic stress.
Fundamental works provided dimensionless shear modulus
and damping curves of adjusted G and B with various strain
amplitudes, particularly for sand and gravel soils, to cap-
ture strain-dependent values of G and [3 properties [39-43].
Recent more developed models that take into account
effective vertical and confining pressures [44—46] allow for
more accurate seismic site analyses. Such models are still
applicable to particular soil types, but they might not
always be realistic when site regulatory constraints are
included.

Instead of using suitable nonlinear soil models, shear
modulus and damping curves of adjusted G and [ are
widely employed to reproduce soil nonlinear behavior
through an equivalent linear process. However, due to the
limitations of this approach to capture the complex soil
response, particularly under high-loading conditions, the
methodology provided by the ASCE7-16 standard was
adopted in this study. According to this methodology,
effective SWYV ratios, effective shear modulus ratios, and
soil hysteretic damping ratios are presented inside tables,
depending on the ground shaking level and site class
(Fig. 3).

In Fig. 3, Sps represents the maximal 5% damped
design spectral acceleration at short periods. Spg is the
design spectral acceleration and represents two-thirds of
the maximal 5% damped spectral acceleration at short
periods, Sg, following the US national seismic zoning maps
which arise from site-specific seismic studies. The ASCE7-
16 methodology is utilized because of its good compli-
ance with EC-8 in terms of site classification schemes and
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Fig. 1 Seismicity of Algeria and surrounding regions with regional tectonic setting according to Hamadache et al. [36]
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Fig. 2 Linear and nonlinear mean TFs of one-layer profiles representing the EC-8 site classes. Only nonlinear TFs are used in the study, as one
plans to emphasize the seismic behavior of buildings. The nonlinear effect is denoted, particularly for strong ground shaking (M6-7 magnitudes)
through decreasing the amplification level and shifting the site’s natural frequency to the low-frequency range
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with the approach adopted, which deals with different
seismic levels.

The Sps used in the study is derived from the rock-site
seismic simulation described in Sect. 5, and it represents
the maximum 5% damped spectral acceleration chosen
from response spectra of all simulated accelerograms based
on the regulatory mean prediction shape of Fig. 4. The soil
amplification was included through the soil TF instead of
site coefficients as in the ASCE7-16 standard. The study’s
analyses also produced identical G, Vs, and [ ratios for the
A class across all magnitudes, but distinct ratios for M5 and
M6-7 magnitudes were calculated for the other classes.

The TF curve of a one-layer soil profile shows a first
peak related to the soil’s fundamental mode and secondary
peaks corresponding to the soil’s higher modes (Fig. 5). In
this study, interest is focused on soil response around its
fundamental mode, and higher modes of the soil’s TFs are
ignored, in agreement with structural first mode-based
models considered in common SSI problem analyses
[9, 47]. For this purpose, the approach of Hadid and Afra
[48] dealing with the Kanai [49] and Tajimi (K&T) model
[50] (Eq. 3) was used. The model allows generating a filter
having a single mode, which catches the corresponding TF
curve accurately (Fig. 5). For each soil profile, the asso-
ciated TF is used to extract the filter’s parameters, mainly
the ground resonant circular frequency and total damping
ratio. The damping ratio &g, and the circular frequency, ®,,
are evaluated as follows:

1

1 2% )
2\/82 —1.15 !

- (14821

and w, =

where S,.x designates the peak value of the amplifica-
tion’s function amplitude, taken as equal to the maximum
amplitude of the related TF, and corresponds to the fun-
damental frequency of the soil profile. Replacing the cal-
culated &, and ®, in the K&T filter (Eq. 3), we obtain an

amplification function identical to the calculated TF
upstream to the TF fundamental peak (Fig. 5).
2 _

B 1448 (0/w,)’
T (@fw)] 48 (0for)

|H(w))| (3)

4.2 SFS Model

The substructure technique, which uses a numerical model
with elastic springs and viscous dampers to replicate the
foundation impedances, is one of the most commonly used
modeling approaches to account for SSIE. According to
most substructure approach-based SSI models [9, 51-53],
Fig. 4 illustrates the retained SFS rheological model, where
the superstructure is represented by a single degree of
freedom (1-DOF) system with a height h, mass m, stiffness
k, viscous damping factor c, and refers to low-to-mid-rise
buildings catered for in the study. This system is connected
to a circular foundation of radius R. Following the sub-
structure approach, the soil deposits are replaced by a
discrete spring-dashpot system described by impedance
functions that reflect the stiffness and energy dissipation
mobilized during a seismic excitation giving the soil flex-
ibility. In this context, k, and k,, are, respectively, the static
soil stiffness along the x-axis and around the y-axis,
whereas ¢ and c,, denote, respectively, the viscous
damping factor along the x-axis and around the y-axis. The
base of the structure is allowed to move with the u, value
with respect to the free-field motion, and to rotate through
an angle ¢ around the y-axis. The structures are repre-
sented by their first modes characteristics, reflecting a
I-DOF system with the properties (mass, stiffness, fre-
quency, and eigenmode) of the fundamental mode, in
agreement with the types of buildings considered in the
study.

T 4 e
— Analytical multi-modes model —— Analytical multi-modes model
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Fig. 4 Typical representations of the TFs related to one-layer profile randomly chosen within the sample of soil profiles considered in the study,
along with their corresponding single-mode TFs derived based on the K&T spectrum for the EC-8 site classes. The curves show a match between
the two functions up to the first amplification peak. Note that TFs assuming the behavior of soil materials depending on the ground shaking level

are represented herein as mentioned in Fig. 2
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Fig. 5 TFs curves of the simulated 30-m one-layer soil profiles of each EC-8 site class referring to the adjusted V3o values based on the ASCE7-
16 adjusting ratios, including the mean TF and the mean TF + 1 standard deviation. Only TF graphs corresponding to the 6-7 magnitudes are
represented to show the distribution of the TFs curves relative to the related mean curve

5 Seismic Input Motions

Northern Algeria is located in the most active seismogenic
area in the western Mediterranean region. The seismicity
distribution is represented by four (04) seismic areas
(Fig. 1), seismic zones IIb and III for moderate to strong
activity, and I and Ila for weak to moderate ones. During
the last three decades, northern Algeria experienced several
moderate-to-strong earthquakes, two of them were strongly
destructive. The 1980 El Asnam earthquake (M7.3), which
claimed over 2700 lives and destroyed about 60,000
housings, and Boumerdes May 21 (M6.8) caused consid-
erable damages and claimed over 2300 lives.

According to the Algerian seismic zoning map
(RPA2003), we assume for zones I, Ila-IIb, and III, defined
by low, moderate, and high seismicity levels respectively,
the following magnitude—distance seismic scenarios:
M =7, Ry =15 km for zone III; M =6, Ry = 15 km for
zones Ila and IIb, M =5, Ry = 15 km for zone 1. The
seismic scenarios, in terms of acceleration elastic response
spectra, are generated for the three seismic zones, using the
recent ground motion prediction equation developed for
Algeria and surrounding areas [54] (Fig. 6).

Three sets of 100 spectrum-compatible accelerograms
are simulated for the three scenarios considered (Figs. 7
and 8), through an iterative procedure [55, 56] with the
following formula:

_ 4wiS‘2’i(f=0) (4)
fOT a®(t)dt

where G(m;) indicates the Power Spectral Density of the
targeted process at the frequency w;, and T, the total
duration of the signal. Sy; is the pseudo-velocity spectrum
with zero damping derived from the ground motion pre-
diction equation (GMPE) developed for Algeria and sur-
rounding areas for the three scenarios, and a(t) designates a
time modulation function proposed by Jennings et al. [57].
Shinozuka’s simulation model [58] is used to generate time
amplitudes of the accelerogram following the series:

G(an)?

Ug(t) Uo(t) ho(t) u(t)

Soil layer
Vs, G, Vv, hf

Fig. 6 Simplified modeling of coupled dynamic SFS system for
horizontal and rocking modes. V, G, v and h; stand, respectively, for
the mean SWV, shear modulus, Poisson’s ratio, and thickness of the
soil layer resting on a rock basement. The thickness of the soil layer is
taken equal to 30 m to meet the requirements of the EC-8 code

i) =2 zn: vV G(wp)Aw cos(wit + ¢y) (5)

with X(t), the time-dependent acceleration, and ¢y, the
random phase angles.

Figure 8 shows peak ground accelerations (PGA) for the
three simulated scenarios (M =5, M =6, M =7) and a
hypo-central distance Ry =15 km. From the plotted
curves, the three seismic zones considered in this study
have low, moderate, and high PGA, respectively. Non-
linear soil behavior should be taken into account, at least
for the seismic zone related to the high PGA. The response

@ ﬂ? @ Springer
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Fig. 8 Response spectra of spectrum-compatible accelerograms simulated according to the GMPE developed for Algeria at the hard rock
condition [54]. The mean predictions curves arise from a site-specific study performed based on the selected seismic magnitudes and epicentral

distance

spectrum for 5% damping is also calculated for each sim-
ulated accelerogram, and the greatest peak spectral accel-
eration at 0.2 s (short periods) is extracted from all
response spectra to derive the G, Vg, and B, adjusting ratios
that will be used later in the analysis.

6 Foundation Stiffness and Damping

Impedance functions represent the frequency-dependent
stiffness and damping characteristics of an SFS system and
reflect the relationship between the soil and the foundation.
Solutions for the complex impedance function proposed by
Pais and Kausel [52], and Elsabee and Morray [59] are
used:

Kjd = K} (kj + iaoc)) (1 + 2if;)

(6)

where Kfl is the dynamic impedance function for the j
mode, and K; is the static stiffness following the j direction
for a circular foundation of R radius, resting on a
homogenous soil layer of hy thickness. Kjd is a function of
the static stiffness, st, for a rigid foundation on a semi-
finite medium. k; is a term of dynamic stiffness in the j

M
@ x[} @ Springer

direction depending on the dimensionless frequency,
ap = WR/V; where o is the circular frequency. c; is the
damping factor for the j mode. The term at the right of
Eq. 6 is introduced because of frequency-independent
internal soil’s damping ratio, caused by hysteretic losses
due to nonlinear behavior, which is significant around the
fundamental frequency of the layer in the case of a soil
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Fig. 9 Seismic input motions represented through the PGA of the
accelerograms simulated for the seismic magnitude range selected for
the study



International Journal of Civil Engineering (2023) 21:1509-1536 1517
layer of finite depth [59, 60]. Static impedance solutions for 1 1 & i c 0 0 L
the system of Fig. 9 are taken as follows: ml1 1 & { iS4l 0 e 0 tio
8GR R 2 .
K = (14+=) (7) h h h ¢ 0 0 ¢ @
2=v)" 2y k0O0]( u
§ 8GR3 R + 10 kO u (12)
szi(l—&-—) (8) 00 k
3(1—v) 6hy @ %
1
where G stands for the shear modulus, and v is the soil B !
Poisson’s ratio provided in Table 2 for each site class. [ is - ) ity

the hysteretic damping ratio of soil materials obtained
based on the V; value for each soil profile according to
Bs =5/Vy [61]. G and B were adjusted according to
ASCET7-16 provisions, based on the site class and maximal
5% spectral acceleration arising from a rock site-specific
study.

k=1
ko =1 — 02apifap < 2.5 9)
ko, = 0.5 otherwise
0.65
o = OOhC ife=20<
1—(1-=2p,)¢ aol (10)
! R
¢y =c, = 0.576 if ap > ap1 = ga
0.58
cp=—OE e @0
1—(1-2p,)¢ aol
) 0.35a2
Cp= I—TZ(%)ifaanzzaOla (11)
Ve 2(1—v)
Vv,V 1—=2y

7 Seismic Analysis and Calculation
Methodology

The deterministic displacement TF (DTF) is calculated for
the consistent one-layer profile, based on the matching
small-strain simulated V, adjusted according to the
ASCE7-16 methodology. Rock acceleration ground
motions simulated were used as input motions through a 1-
D analysis conducted by a developed computer program
for all SWV profiles of each EC-8 site class. The ASCE 7—
16 standard’s site coefficients taking in account the site
amplification effect are included through the soil TF. The
dynamic equilibrium of the system in Fig. 4 is given as
follows:

in which {i, designates the harmonic free-field ground
acceleration with frequency ®, and m is the first-mode
mass of the superstructure. uy and u are, respectively, the
displacements of the foundation and the mass m with
respect to the free-field motion, and ¢ is the foundation’s
rocking. k is the structural stiffness whereas ky and k,
indicate the dynamic stiffness terms of the soil along the
horizontal and rocking directions.

When it comes to harmonic vibrations, the appropriate
frequency multipliers can be used to replace the time-de-
pendent derivatives, and by introducing the notations

may = k, mo; = k, and mo}, =k, the dynamic equi-
librium of Eq. 12 transforms to:
Wo .
E(l—s—Zzﬁ)—l -1 -1
Wy .
-1 E(l%—Ztﬁx)—l -1
w .
-1 -1 —2 (142ip,)
u 1
up p=141 puy (13)
ho 1

where B is the damping ratio of the structure with a fixed
base; By and B, relate, respectively, to the damping ratios
of the foundation along the x and ¢ directions:
c Cx Cop

= — N = — i ; = — 14
ﬁ 2kw07 ﬁx 2kxw ﬁ(p 2k(/) U)(/; ( )

According to Wolf [47], the displacement of the struc-
tural mass is expressed as:

o o 142 o 1+2ip ?
Lt 2 = = o T T g | T e
wy o122, oy 1 +2if, on
(15)
thus
2
~w
g 16
u p Ug (16)

where H designates the DTF stating the SSI which is
expressed as:

@ ﬂ} @ Springer
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Fig. 10 Average TFs of the s = 1 building’s structure in both fixed and flexible base conditions associated with A, B, C, and, D site classes, with
MS5 and M6-7 magnitudes. The TFs of the sites (in blue) are represented to appreciate their influence on the global response of the SFS system in
terms of amplitude and frequency range. In the graphs, FB stands for a structure with an infinitely rigid and fixed foundation, while fixed on soil
class represents a structure with a FB subject to SE and changes anticipated to have an impact on the free-field motion without any further
flexibility of the foundation soil. SSI and SSI + SE reflect, respectively, the flexible base condition disregarding and including SE. The TFs
curves were averaged over the whole sample of the simulated soil profiles
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Fig. 11 Mean TFs of the s = 1.5 building’s structure in both fixed and flexible base conditions associated with A, B, C, and D site classes. The
TFs of the sites are represented to appreciate their influence on the global response in terms of amplitude and frequency range. In the graphs, FB
designates the building with an infinitely rigid and fixed foundation, and fixed on soil class, indicates the building with a FB subjected to SE. SSI
and SSI + SE reflect, respectively, the flexible base condition disregarding and including SE. The TFs curves were averaged over the whole
sample of the simulated soil profiles
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Fig. 12 Mean TFs of the s = 2 building structure in both fixed and flexible base conditions associated with A, B, C, and D site classes. The TFs of
the sites are represented to appreciate their influence on the global response in terms of amplitude and frequency range. In the graphs, FB
designates the building with an infinitely rigid and fixed foundation, and fixed on soil class, indicates the building with a FB subjected to SE. SSI
and SSI + SE reflect, respectively, the flexible base condition disregarding and including SE and the flexible base associated with soil condition.
The TFs curves were averaged over the whole sample of the simulated soil profiles
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-1

7 1 4 2ip o ® 142  o* 1+2if
= l _—_ —_——_—
o @2 1+2if, o2 1+2if,

(17)

The system of Fig. 4 may be replaced by a fixed-base
equivalent 1-DOF system with natural frequency @, hav-
ing the same mass m, equivalent stiffness k , and equivalent
damping ratio ¢. In this case, the relative displacement of
the mass m within the equivalent system is given as:

i=Hi, (18)
where
~ 1
H(iw) = — — (19)
0% — w? + 2o w
and
~2
ug = w—(z)ug (20)

H designates the SSI TF of the equivalent 1-DOF system,
1iy the acceleration input motion, and i* = — 1. The natural

frequency @ and the damping ratio ﬁ, of the equivalent
system are taken equal to the complete analytical solutions
provided by Maravas et al. [62]:

ﬁ ﬁx + ﬂ(ﬂ
DF(1+4%)  w2(14+467)  wi(1+46))

(21)
in which
4 L B 1 o
@1 +H4F7) 2(1+48) w3 (1+46))

(22)
and
. A
Ty =) 23)
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Fig. 14 Displacement ratio versus soil-to-structure stiffness ratio with the best fit for the s = 1 building with M = 5-6-7

averaged to produce a mean DTF for the lateral response
(Figs. 10, 11, and 12).

The building types were selected based on the slender-
ness ratio, s, which relates the effective height of the
superstructure to its foundation dimensions. The responses
) os of each building type are carried out for the scenarios of
( 10} ) _ { 14 l [(wo)z_l] } (24) FB and rigid foundation, FB on site class, and flexible base

eff

On the other hand, nonlinear behavior is anticipated
from the superstructure at large earthquake magnitudes. In
accordance with the ASCE7-16 formula for effective fre-
quency, the structural ductility is used to account for the
material nonlinearity:

wo RN on site class. The results are represented first through a

mean displacement TF referring to each condition with all
seismic magnitudes. For all site classes, a mean response
factor, which is the ratio of the maximum roof displace-
ments for the case of FB compared to the two other con-
ditions, is carried out. To emphasize the fluctuations
brought on by taking SFS effects into account, an average
U= ﬁfig (25)  response factor for all site classes is calculated by dividing
the maximum roof displacements for the case of FB by the
two other cases. Additionally, the maximum roof dis-
H(io) = HH, (26) placement and seismic BS are taken into account for all
building types and seismic scenarios across an appropriate
range of the structure-to-soil stiffness ratio, g = h/V Ty,
where T, denotes the superstructure’s natural period. The
ay ratios reflect the variation of SFS system features given
a site class according to the change of soil profile
mechanical properties. Figures 10, 11, and 12 illustrate the
differences between building responses within the cases
considered. As well, the results are depicted in the form of

in which p designates the global ductility of the super-
structure and @, is the natural frequency of the equivalent
system. The SSI TF is finally combined with the site TF,Hg,
to obtain a global DTF taking into account site and SSI
effects:

where

According to the suggested methodology (Egs. 12-26),
a global TF that takes into account site and SSI effects is
obtained by combining the TF for the entire sample of soil
profiles related to each site class with the TF of the
structure, followed by the resulting one, with the founda-
tion impedance. In each case, the combined TFs over the
whole frequency range taken into consideration are

2
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mean maximal roof displacement and BS ratios. These
ratios are calculated to show the influence of SE on SSIE
and vice versa.

8 Results and Discussion
8.1 Displacement Transfer Function
8.1.1 Building with s =1

Figure 10 shows the lateral DTFs of the building having a
slenderness ratio, s = 1, and it emphasizes the system
fluctuations within the settings taken into account in the
study. These TFs are obtained by averaging all related TFs
over the frequency range of interest, normalized by the
superstructure’s circular frequency. In other words, they
represent mean curves of all TFs within the range of 3,
ratios regarding the building considered. The right-hand
side coordinates indicate the amplitude of the combined
soil, structure, and foundation DTF, which cannot be
directly numerically compared, while the blue left-hand
side coordinates represent the rock-to-soil surface TF,
indicating a dimensionless amplification ratio for the out-
crop condition that derives from the theory of wave prop-
agation in elastic mediums.

Given the results, it is assumed that mean DTFs, which
show the same general trend, appropriately represent
individual DTFs of SFS systems in terms of amplitude and
frequency range (Fig. 9). The graphs show an absence of
SSI effects for the building on the A site class, and that
such a site class accurately reflects the FB condition.
However, a negligible SE looks because of the presence of
the structure’s natural frequency within the beginning of
the ascending branch of the soil TF, and an infinitely rigid
base condition may not comply with the real situation.

Due to the lack of nonlinear effects in the B site class, it
is clear that no differences related to seismic magnitude
exist. In contrast, the TF of the structure with FB on B class
exhibits a obvious amplification peak. Although stiff soil
deposits typically do not result in high amplification levels,
in this instance, the latter reflects the rise of SE as a result
of the structure’s fundamental frequency being close to the
B site dominant frequency. One can infer that structural
response is governed similarly by site or site 4+ SSI effects
because the TF of the mutual site and SSI effects follows
the structure’s-site one. Furthermore, SSIE are not sub-
stantial even though a little shift toward lower frequencies
is detected due to rigid structure on a stiff site.

For the C class, TF curves show the presence of SSIE
with amplitude decreasing with respect to the FB condition
and a clear offset to lower frequencies because of the
system’s increased flexibility caused by the C site type. In

@ ﬂ; @ Springer

addition, there is a slight change in the TFs associated with
seismic magnitude due to a minor sliding at the low fre-
quencies related to the soil TFs. As well, SE are reduced
despite the consistent soil amplification caused by the
offset of the related peak TF, and one can retain that
structural response is governed by site 4+ SSI effects,
whose maximal amplitude is still greater than that of SE.

The building with a slenderness ratio of unity resting on
D class reflects the most favorable situation where SSI
effects are strongly expected to occur due to the signifi-
cance of the structure-to-soil stiffness ratio. In line with the
characteristics of the D site class, the related SFS system
has a lower natural frequency than the system with a FB. In
addition, SSIE look beneficial compared to the FB condi-
tion, even to SE + SSIE, when SE are disregarded, but the
FB condition is conservative and unfavorable for the C and
D classes. The effect of seismic magnitude is also clearly
discernible for the D class, as a result of nonlinear effects
originating with moderate-to-high seismic magnitudes.
This have resulted in a more reduced site 4+ SSI response,
and made visible the attenuation of the soil amplification
related to all magnitudes with shifting to lower frequencies.
For all site classes (with less extent for the A class), the
site + SSI TF curves show a response that occurs within
the frequency range of the soil’s fundamental mode,
regardless of the response magnitude. This assumes that
SFS condition controls the global combined response in
terms of amplitude, whereas the soil condition controls the
response in terms of the frequency range.

8.1.2 Building with s = 1.5

The TFs curves for the structure with a 1.5 slenderness
ratio are shown in Fig. 11. The FB with stiff foundation
condition is compatible with the A class’s lack of site or
SSI effects. Only a very small amount of SE is found for
the B class, where no SSIE is associated, and the structural
response is controlled by either site or SSI effects that have
a similar impact on the structure.

Although SSIE can be seen in the C class with a lower
natural frequency effect, they have no actual bearing on the
structure’s response, and due to the existence of the natural
structure’s frequency within the frequency range of the
soil’s amplification peak, these effects are amplified by the
high values of the site’s TF and help to explain why, in the
flexible-base condition, site + SSI effects govern the
structural response rather than SE. The relevance of non-
linear effects in high magnitudes, however, results in a
variation in soil TFs related to the D site class and causes a
damped soil peak amplification with shifting to the lower
frequencies. Due to the increased system flexibility pro-
vided by the D site type, the building illustrates the
instance of a moderately rigid structure over a soft site
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where SSIE are present. In the FB condition, the structural
response is controlled by SE and is detrimental when SE
are ignored, whereas, in the flexible-base one, the response
is governed similarly by site or site + SSI effects. Also,
the plots further demonstrate that the SFS condition con-
trols the extent of the global response for the C and D
classes, whereas soil conditions control its dominant
frequency.

8.1.3 Building with s = 2

The TF graphs in Fig. 12 show that a structure with a
slenderness ratio of 2 is relatively flexible and free of
significant site or SSI effects, notably in the A and B
classes. This is caused by the weak values of the soil’s TF
near the resonant frequency of the structure, which reduces
the SSI and site effects coming from upstream of the site’s
TF peak. The slenderness of the building associated with
consistent values of the structure-to-soil stiffness ratio also
reveals a weak occurrence of SSIE for the C class. For M6-
7 magnitudes, where the peak amplification of the FB TF
coincides with the ascending branch of the soil TF peak,
SE and therefore, site + SSI effects are dominant. Fur-
thermore, due to nonlinear soil behavior under intense
seismic loading, the M6-7 magnitudes provide more
damped peak amplification and low-frequency effect. The
TF of the site varies with seismic magnitude for the D
class. In this regard, the seismic magnitudes result in dif-
ferent responses even for the same site class. Therefore,
site + SSI response is strongly pronounced for the M5
magnitude and appears within the amplification peak of the
soil’s TF, whereas it is significantly reduced for the M6-7
magnitudes due to the low-frequency effect, which causes
the soil’s amplification peak to be far from the FB one and
requires a downward trend in both site and SSI effects
away to the natural superstructure frequency, indicating
low soil resonant frequency.

8.2 Average Maximal Response Ratio

An SFS system and the corresponding FB one are created
for each site soil profile, and both are then subjected to the
incident seismic field that was previously simulated for all
seismic magnitudes considered. The displacement response
at the building roof is carried out in the frequency domain
according to the methodology presented above, then con-
verted to the time domain through the Fourier transform,
and the maximal displacement corresponding to each
ground motion is extracted. As well, the mean maximal
displacement is obtained by averaging all maximal dis-
placements for each site soil profile.

Figure 13 shows the influence of the SE and SSI 4+ SE
conditions compared to the FB one in terms of response

ratio, R;, depending on the effect of the incident seismic
field. R, denotes the mean maximal roof displacement
within the site and site 4+ SSI conditions normalized by the
FB one. According to FEMA P-2091 standard [63], a
flexible base produces important roof displacement in
contrast with FB, and, subsequently, controls the structural
damage. The graphs denote agreement with the related TF
curves for each EC-8 site class and each building type. As
well, the graphs of Fig. 13 show a similarity of the
response within the A class, and to a lesser extent, the B
class for the s = 1.5 and s =2 buildings, whereas no
seismic magnitude effect is observed for the s = 1 building.

A strong dominance of SE and, consequently, SE +
SSIE is observed, notably for the B class due to the cor-
relation between the site and building features for the s = 1
building, and implies an underestimation of the response if
soil conditions are ignored. The significance of SE and
SE + SSIE, is highlighted for all magnitudes for the C
class with the s = 1.5 and s = 2 buildings, where the FB
condition underestimates the response, whereas, for the
s = 1 building, the total response (SE + SSIE) fluctuates
around the FB one. The FB condition overestimates the
response for the s = 1 building with all magnitudes and
demonstrates its conservatism relative to the other condi-
tions. The FB condition displays the same pattern as the
TFs curves and overestimates the response for s = 1.5 and
s =2 buildings in the D class and M6-7 magnitudes
(Fig. 11). But for the M5 magnitude, the response is
underestimated for the s = 2 building and is in the same
order as the s = 1.5 building.

8.3 Average Maximal Deflection Ratio

The results are shown to emphasize the role of SSIE in
comparison to SE for the selected seismic magnitudes and
all site classes. The basis for comparison is the ratio of the
average maximal roof displacement (and subsequent
average maximal BS force) under site and SSI effects. This
allows engineers to clearly see whether and when one or
the other effect is dominating when it comes to regulatory
concerns, especially when the problem also relates to the
magnitude of the seismic input. To get the mean maximal
displacement ratio, D, (Eq. 27), between the two condi-
tions for each system, the TFs of the flexible and FB
conditions, both of which include SE, are taken into
account. This ratio illustrates the situation where SE are
removed from the flexible base global response to
emphasize the magnitude of the SSI effects while SE are
ignored from that response, and whether the response in the
former or latter condition is dominant depending on the
extent of the seismic excitation.
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D, (27)

dsg
where dgg; and dgg indicate the mean maximal roof dis-
placement in the SFS and site conditions, respectively.

8.3.1 Building with s =1

For each class and each magnitude, deflection ratios vs the
dp ratio are shown in Fig. 14, along with the best fit that
was achieved using the least square approach. The results
in the form of TFs curves are generally in best agreement
with the fit curves, which show the results’ average trend.
According to Tabatabaiefar and Massumi [64], the &, ratio
is the best parameter that controls the occurrence of SSI
effects, and the latter are usually met when 3, > 0.1 for
buildings with more than 3 stories.

For the A class and the M5 magnitude, the D, ratio
appears to be around unity, indicating that there is no
evidence of SSI effects and agreeing with the associated
TFs curves (Fig. 10). The correlation between the seismic
input features and the flexible base systems with soil
conditions is indicated by a modest amplification of the
response that is seen around the upper values of 3, for the
M6 magnitude owing to SE.
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A conclusion that can be drawn from the overall trend of
the D, ratio for the entire soil profiles of the A class is that
SE, independent of seismic magnitudes, weakly control the
structural response, which may be referred to as the FB
condition. Additionally, and for the B class, D, values that
are dispersed to the fit curve, especially for the M5 mag-
nitude and greater a, values, represent systems with soil
profiles that have interacted differently with the seismic
input depending on whether their peak amplification is
close to or far from the superstructure one. Given the
associated TFs curves (Fig. 10) and the minor values of the
ay ratio, SSI effects are typically not significant for this site
class. The D; ratio was close to unity over the entire range
of the 3, ratio when the combined site + SSI effects
response of the SFS system, on the other hand, showed the
same scope with SE around the superstructure resonant
frequency. This trend is observed for all magnitudes,
except in the M6 one, where seismic input features have a
greater impact on the structural response. Additionally,
because site + SSI effects response is more significant
than SE alone for the C site class, one can conclude that
SSI effects govern the structural response. This is espe-
cially true for higher values of the a, ratio, which reflect
systems with less overall stiffness due to declining soil
mechanical properties.



International Journal of Civil Engineering (2023) 21:1509-1536

1527

0.04 0.3
=1 °
o 0.4 0.2
o ° o ) 20 B
0.02{ 92 C 0.4]
0.2
§ 0.00 0.0
20
E 0.0 -0.14
0.2
-0.02
0.0. %5%’ 89, 3.7 ¢ Residuals 0.2/ 0.3
© ° o Fitted :
-0.04 A class Mw=5 04 -0.4
0.05 0.06 0.07 0.08 0.09 0.10 0.11 ’
g
1.0 0.6 0.3
0.15{ [s=1] ° . °
1o 0®ag o i 0.8 0.4] 0.2
. o
“ sgoos o o2 %o o %0 O 06 0zl 0.1
] 0.4 g
3 005 0.0
3 0.2 0.0 o
& 0.00 00 -0.
© Residuals 0.2 -0.21 -0.2
-0.05 Fitted -0
010 A class Mw=6 04 -0.4+ -0.3
"0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.16 0.20 024 020 025 030 035 040 045 0.50 05 0.6 0.7 0.8 0.9
&g EN EN ED
0.06 0.6 0.8 0.2 °
0.04 0 o o \
o
0.02 04 &4 0.4
2 0.00 0.2 0.2
3-0.02 0.0
=} .|
5-0.04 0.0 02
-0.06 o -0.2 04
0.08 ©oo © Residuals -
p Fitted 0.4 . -0.6
-0.10 © |Aclass Mw=7 08
-0.12 -0.6+— T T T T T T T ; . ; ; ; . -0.3
0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 020 025 030 0.35 0.40 045 0.50 0.5 0.6 0.7 0.8 0.9
a, ag EN EN

Fig. 18 Residuals versus 3, ratio relative to the corresponding linear regression fit curve of the B, ratio results related to the s = 1 building for all

magnitudes and all site classes

400
600
4001 (Mw=5 ~ Mw=6 300{ |Mw=7
v N a00] MW | M
200{ =1 s=1 200] | s
1 200 100
%2 0.2 0.0 0.2 %04 0.2 0.0 0.2 %2 0.1 0.0 0.1 0.2
40'0- =Vv. 0 . 30'0. =V. 400- . 0 . .
3004 -C s 200 s 3004
> 200] N d > 200/
8 & 100 2
< 100 M 2 ] S 1001
2 ol—"1 1 =— S o0l— | P , 2 TS
g 06 04 -02 00 02 04 06 § - 04 02 00 02 04 8 5o 06 04 02 0.0 02 04 06
w S [T
300 L 400 400
200 3001 300
200 200
100 100 100
0 } 1 } + r 0= I - t . . 0 1 r
-0.2 0.0 0.2 0.4 04 -02 00 02 04 06 0.8 0.5 0.0 0.5
300 500 4001
] 400
200, 300] 300,
200 200
100 1001 100
0 A L 01— N . , : 0 , 1 L Py
-0.04 -0.02  0.00 0.02 -0.08 -0.04 0.00 0.04 0.08 0.12 -0.08 -0.04 000 0.04
Residual Residual Residual

Fig. 19 Distribution of the residuals of the B, s linear regression model along with the distribution curve of the s = 1 building, for all magnitudes

and all site classes

In the D class, the combined response is anticipated to
be at least comparable to that of the C class for all mag-
nitudes, with SSI impacts being more visible when they are
seen alone, especially for this type of building (Fig. 10),

due to more important values of a, ratio. However, atten-
uation of the response is observed with a reduction of D,
values to about unity, allowing us to conclude that the
structural response is either controlled by site or site +
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SSIE as a result of nonlinear and low-frequency effects
arising in this class type, particularly for the M6-7
magnitudes.

8.3.2 Building with s = 1.5

Similar to the building with s = 1 on A class, no SSIE or
SE are dominant and this class can be assimilated to the FB
condition for the M5-6—7 magnitudes (Fig. 15). The char-
acteristics of the associated ground motions, whose fre-
quency content situates close to the building’s resonant
frequency, may also be responsible for the slight increase
in D, that is visible in the M7 magnitude.

Due to the equivalence between site and site + SSI
effects demonstrated by the related TF curves (Fig. 11), the
D, values obtained for the B site class and all magnitudes
show no signs of SSI effects. This constrains its values near
unity mainly for M5-6 magnitudes, whereas the greater D,
values for the M7 magnitude may be related to the M7
ground motions features, whose frequency content seems
to be compatible with most soil profiles. It is clear from the
figure that for the C site class, and particularly the M5
magnitude, the D, ratio is distributed differently for lower
and higher 4, values, and that it varies significantly around
the mean trend curve (fit curve). This depends on how the
characteristics of the soil profile allow the site or SSI
impacts to predominate through the position of the soil’s
TF curve about either the site or site + SSI TF curves
(Fig. 11). According to these curves, SSI effects are sig-
nificant and, therefore, more detrimental to the structural
response than SE ones for the D class and M5 magnitudes,
whereas the two combined effects decrease for the M6-7
magnitudes, where the D, ratio remains close to unity and
replicates results from TF curves due to nonlinear effects
and offset with the superstructure features.

8.3.3 Building with s = 2

The building with s = 2 represents a range of averagely
flexible buildings and one would not expect the occurrence
of SSI effects due to the weakness of the 3 ratio compared
to the other buildings.

Indeed, SSIE and SE are similar for A-B classes and
MS5-6 magnitudes, and the lower values of the D, ratio are
produced by a de-amplification of the site response caused
by the M5-6 ground motions, which are far from funda-
mental features of the superstructure with a relatively long
resonant period (Fig. 16). For the M7 magnitude, the
seismic input that includes ground motions rich in long-
period components amplifies the structural response of the
more flexible SFS systems and so, the site + SSI effects
compared to SE. For the D class and M5 magnitude, SSIE
have no influence when they are seen alone, whereas when

@ i!; @ Springer

combined with SE, it produces a more significant response
than the SE one (Fig. 12), and results in consistent D, ratio
values. Nevertheless, for the M6-7 magnitudes, the site +
SSI response is reduced to the same extent as for the SE
one, for the same reasons as for the s = 1.5 building.

8.4 Average Maximal Base Shear Ratio

Seismic BS represents the key parameter in conventional
seismic design. In the FB condition and for simple oscil-
lator (1-DOF) systems, it may simply be obtained by
multiplying the global structural stiffness by the roof dis-
placement. Nevertheless, for the flexible-base one, it is
calculated using the equivalent stiffness of the SFS system,
including static soil stiffness along all modes considered.
Equivalent stiffness refers to the stiffness of a FB 1-DOF
replacement oscillator having the properties of the associ-
ated flexible-base system. According to Veletsos and Meek
[65], the replacement oscillator would deform with a
stiffness that includes a portion of the soil stiffness con-
tribution in the equivalent system. The familiar summation
rule allows estimating the equivalent stiffness as follows:

11 1 #

where k is the equivalent stiffness of the replacement
oscillator. The displacements relate, respectively, to the
fixed and flexible base conditions, both including SE.
Further, considering the BS ratio, B, (Eq. 29), results in
values that represent displacement ratios affected by a
coefficient denoting the stiffness ratio of the FB and SFS
systems both with SE, whereas in all cases, this ratio is less
than unity since, to some extent, the SFS stiffness is less
than the FB one. Because the BS result shows the same
pattern as the displacement ratio results, only findings
related to the s = 1 building types are addressed and dis-
cussed. Results relating to the other buildings are provided
in the appendix below.

 bssiise

B, (29)

bsk
In Eq. 29, bgs; and bgg are the mean maximal seismic
BS in the SFS and site conditions, respectively.

8.4.1 Building with s =1

Figure 17 displays the analysis’s findings in the form of a
seismic BS ratio along with the best fit produced by a linear
regression versus d, ratio. Each point on the related curves
reflects the BS ratio between the conditions of the SES +
SE and the FB + SE, corresponding, respectively, to a FB
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system on a site class and a flexible base system that takes
into account the presence of the same site class.

The values of the BS ratio associated with M5-6 mag-
nitudes for A and B classes indicate an absence of site and
SSI effects, because of soil hardness with lower &, ratios,
having pushed the FB + SE condition to produce less
visible BS. The influence of ground motions with rich long-
period pulses that are somewhat far away from SFS system
periods is explained by the M7 magnitude’s little trend for
the BS ratio to decrease. For systems whose soil properties
match those of the seismic input, a partial predominance of
SSIE is shown in the B class with M5 magnitude. The latter
is distinguished by short-period components that are con-
sistent with the building type’s attributes. The SFS
response was moderately dominant in the case of B class
with M6 magnitude due to correlation with the features of
the seismic input, In contrast, the curves for the M7 mag-
nitude show disagreement with the seismic input features
because of an offset with the systems that were analyzed.
This conclusion can be reached by observing the equiva-
lence between the two effects through the associated TF
curves related to M6-7 magnitudes.

Due to the significance of the i, ratio, SSI effects are
dominant for the C class and are predicted to have an
impact on building types for all magnitudes. However,
results confirmed by the related TF curves (Fig. 10) let us
draw the conclusion that the SFS condition governs the
seismic response in terms of BS for this low-rise building,
which also supports findings made by Celebi et al. [17] and
Khosravikia et al. [13]. The same trend would be expected
for the D class due to the important 3, ratios, but equiva-
lence between the two effects is found to be lower due to a
more reduced SSI response. Furthermore, a significant
attenuation of the response is perceived for the M6-7
magnitudes due to a clear contribution of the damping
effect, indicating the nonlinear behavior of soil materials.

8.5 Statistical Features of the Average Maximal
Base Shear Ratio

The fitted linear curves of Fig. 18 resulting from a linear
regression may represent the simpler representation of the
structural response within a flexible-base condition inside a
regulatory framework, considering or disregarding the SE
influence. However, the linear relationship of the B, model
may not be quantitatively reliable unless certain conditions
are met. For this purpose, the expected value of the error
terms (mean residuals) should be zero and have a scatter
without a particular shape, i.e., their variance should be the
same for all values of the related parameter B,, as well as
follow a normal probability distribution law. In this regard,
observing Figs. 18 and 19 enables us to conclude that the
linear model may be adopted as a good indicator of the

impact of SE on the flexible-base building response within
the EC-8 site classification scheme, especially for the A, B,
C, and D classes and M7 magnitude, where a reasonably
good distribution of the error terms is observed.

On the other hand, the distribution of the error terms for
the B class and M5 magnitude appears to be skewed to the
left, and the linear model can only be effective at lower
values of the d, ratio due to the linear progression of the
error terms variance beyond d, = 0.13 (Fig. 18). Never-
theless, the Br’s residual distribution frequencies are
skewed, forcing the model to be retained only for lower
values of the &, ratio, even though the variance trend is not
as dispersed as for the M5 magnitude (Fig. 19). According
to the associated curve (Fig. 18) and the D class with M6
magnitude, it is obvious that the error term distribution
shifts and the variance tends to decrease toward the greater
values of 3, allowing one to conclude that the linear model
is reliable only for the higher values of the 4, ratio.

9 Conclusions

Structural design is still conducted with the assumption of a
fixed base, as per various seismic code provisions. In many
cases, this assumption results in conservative outcomes
from the perspective of structural dimensioning. SE, on the
other hand, are taken into account on a flat-rate basis via
the code-provisions site factor, which does not account for
the ground shaking level or structure’s dynamic properties.
Additionally, SSI studies are frequently regarded by the
engineering community as specific analyzes that are
expected to occur in particular geological conditions,
regardless of the earthquake magnitude. The paper exam-
ined the dynamic response of coupled SES systems asso-
ciated with SE including the influence of seismic
magnitude, within the regulatory framework of EC-8 and
ASCE7-16 provisions. The key findings indicate that,
depending on the earthquake intensity, the type of building
connected to the local geology generates a dynamic
structural response that is controlled by either site or SSI
effects. In light of the study’s results related mainly to the
D; and B; ratios, the following conclusions may be drawn:

e The combination of the site and SSI effects produces a
structural response that is overall governed by soil
features in terms of frequency and by either site or SSI
effects in terms of amplitude.

e Except for the s = 1.5 building and M7 magnitude,
where the earthquake features appear to have strongly
reacted with the SFS systems, there is no significant
impact of either SSI or site effects within the A class,
which can be assimilated to the fixed-base condition.
The B site class is often regarded as being markedly
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close to the A site class, where site or SSI effects are
not expected. This may be accepted for all building
types and M5 magnitude, while a slight dominance of
SSIE is observed in the other cases, but this depends on
the earthquake features related to the seismic
magnitude.

e The C site class represents the more advantageous
scenario in which SSIE are expected to be apparent for
low-rise buildings (s = 1). The results show that SSIE
govern the structural response, with a developing trend
toward the less consistent side of soil profiles. For the D
class, they result in a more attenuated response if the SE
are disregarded. However, the offset with the building
features forced the combined response to be controlled
more by SE.

e The SSIE somewhat raised the overall structural
reaction for structures with s = 1.5, particularly for
the M6 magnitude in the C class and, more specifically,
for the D class and M5 magnitude, leading to the
conclusion that the SSIE regulates the structural
response.

e The relevant findings and fitted linear curves from a
linear regression for the two ratios were also displayed
in light of the connected statistical aspects. The linear
models work well as indicators to demonstrate the
impact of the flexible-base condition, with or without
SE. However, the models’ use depends on the kind of
site soil and the seismic input properties when they are
observed from a quantitative point of view.

e The investigations allowed for the identification of
changes in the combined structural response resulting
from the flexible base condition as compared to the FB
one, where both conditions contain SE. The analysis’s
results also made it easier to understand how the
seismic environment affected these changes.

Appendix

Figs. 20, 21, 22, 23, 24, 25
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